Abstract: We present experimental investigations on the generation of radially polarized laser beams excited by a ring-shaped pump intensity distribution in combination with polarizing grating waveguide mirrors in an Yb:YAG thin-disk laser resonator. Hollow optical fiber components were implemented in the pump beam path to transform the commonly used flattop pumping distribution into a ring-shaped distribution. The investigation was focused on finding the optimum mode overlap between the ring-shaped pump spot and the excited first order Laguerre-Gaussian (LG 01 ) doughnut mode. The power, efficiency and polarization state of the emitted laser beam as well as the thermal behavior of the disk was compared to that obtained with a standard flattop pumping distribution. A maximum output power of 107 W with a high optical efficiency of 41.2% was achieved by implementing a 300 mm long specially manufactured hollow fiber into the pump beam path. Additionally it was found that at a pump power of 280 W the maximum temperature increase is about 21% below the one observed with standard homogeneous pumping.
Introduction
An optimized polarization distribution can significantly improve the absorption of the laser radiation during material processing. Theoretical and experimental studies have shown a considerable increase of the process efficiency, e.g. for drilling, cutting and deep-penetration welding, using cylindrically (radially or azimuthally) polarized laser radiation as compared to other polarization states [1] [2] [3] . Additionally, such beams offer interesting focusing properties [4] [5] [6] [7] which can be used for a variety of applications such as optical tweezers [8] or particle acceleration [9] .
In the past decades, several extra-cavity [10] [11] [12] and intra-cavity [13] [14] [15] [16] approaches have been reported to produce beams with cylindrical polarization states. In the first case, this can be achieved by converting linear (or circular) polarization into radial and/or azimuthal polarization e.g. by sub-wavelength metallic or dielectric gratings [10] as well as segmented wave plates [11, 12] . In the second case, cylindrical polarization can be generated directly in a laser resonator e.g. by introducing customized polarizing devices [13] [14] [15] [16] . Grating waveguide mirrors (GWM) were used in our experiments to generate radially polarized radiation inside a thin-disk laser (TDL) cavity [17] [18] [19] . A GWM consists of a sub-wavelength diffraction grating (which is circular in our case) integrated into a highly reflective (HR) multilayer mirror. In the present case it replaces the standard HR end-mirror in an Yb:YAG thin-disk laser resonator.
A standard TDL pumping optics was used so far to excite the cylindrically polarized LG 01 mode [17] [18] [19] . In this configuration, the homogeneous flattop (super-Gaussian) pump beam emerging from the end facet of a fiber coupled pump diode is repeatedly imaged onto the surface of the disk. Since the cylindrically polarized LG 01 mode however by nature exhibits vanishing intensity in its center, the homogeneous flattop pumping distribution has the disadvantage of a reduced extraction efficiency in the center of the pump spot. The deposited pump energy is therefore lost as thermal energy and has to be dissipated via the cooling heat sink. In fact, the resulting strong temperature increase in the center can cause damage to the disk and has limited previous experiments [18] . In order to mitigate this issue, we have investigated various approaches to pump the thin-disks with a ring-shaped intensity distribution. The performance of the thereby pumped thin-disk lasers are compared to the one of common thin-disk lasers with a flattop pumping scheme. We show that using ring-shaped pumping leads to a significant reduction of the temperature (i.e by approximately 21%) in the central area of the disk while keeping the laser efficiency as high as in the case of the flattop pumping (i.e around 41% at an output power higher than 100 W).
Generation of ring-shaped pumping distributions
The two approaches discussed in the following are both based on the use of fiber capillaries as shown in Fig. 1 . In one case, the beam shaping is performed by coupling the pump radiation into the wall of a simple cylindrical hollow fiber (see Fig. 1(a) [20] .
In a further approach the hollow fiber capillary was collapsed on the side were the pump radiation is incident (see Fig. 1(b) ). Here the fiber is collapsed to a cylindrical volume with diameter D F over the length L b . The focus of the incident pump beam now should be smaller than D F , which is larger than (D O − D I )/2. The length of the conical part is L c . In this conical part the inner diameter increases linearly from zero to D I , whereas the outer diameter increases linearly from D F to D O . The shaped beam exits the capillary on this side (right of Fig. 1(b) ).
b. An optical system composed of two biconvex BK7 lenses with a focal length of 15 mm and a diameter of 12.7 mm were designed and used to launch the fiber-coupled pump radiation (fiber with core diameter of 600 µm and NA = 0.22) with a wavelength of 940 nm into the beam shaping fibers.
In order to achieve efficient laser operation, an optimum overlap between the pump light distribution and the laser mode is required. In a first step this was investigated theoretically by analyzing the intensity distribution generated by the two fiber geometries listed in table 1 with the help of a commercial ray tracing software. The comparison of the calculated pump intensity distributions generated by the two fiber-optic beam shaper and the LG 01 laser mode is shown in Fig. 2 . Table 1 . Geometrical parameters for the simulation of the hollow capillary (first row) and the collapsed fiber capillary (second row) with the same diameter ratio LG 01 intensity distribution Fig. 2 . Comparison between the oscillating ring mode (black line) and the ring-shaped intensity distribution generated by the hollow capillary (a.) and the collapsed fiber (b.).
As can be seen from the two cross sections, the hollow fiber geometry exhibits a more homogeneous distribution of the intensity within the ring profile with a moderate increase of the intensity towards the inner diameter of the profile ( Fig. 2(a) ). With the geometry given in table 1 the intensity distribution produced by the collapsed fiber ( Fig. 2(b) ) exhibits a more pronounced maximum at the inner side. Longer fibers would most likely lead to a more uniform distribution of the intensity. To find and to compare the achievable overlap
of the LG 01 ring mode and the (calculated) pump intensity profiles produced by the two fiberoptic beam shapers, an optimization algorithm was used that varied the diameter of the LG 01 ring mode (corresponding to an adaptation of the laser resonator later in the experiments) to maximize the overlap. No saturation effects were taken into account by this approach. The calculation does also not consider additional smoothing of the intensity that might occur during the multiple re-imaging of the pump beam on the laser disk by the thin-disk laser pumping scheme. The maximum achievable overlap of a flattop pump distribution and the LG 01 mode was calculated to be 55.05%. For the collapsed fiber the maximum achievable overlap was found to be F = 70.10%. Thanks to the slightly more homogeneous distribution, the hollow capillary leads to a slightly higher geometrical matching with F = 73.46%. Based on this result it was decided to use the hollow capillary approach for the further experimental investigation.
Experimental set-up
The set-up of the ring-pumped radially polarized thin-disk laser is schematically shown in Fig.  3 . A fiber-coupled pump diode with a maximum output power of P pump = 418 W at a wavelength of λ = 940 nm was used to pump the Yb:YAG disk, which had a thickness of 130 µm and a doping concentration of about 11%. The laser crystal was glued on a water cooled diamond heat sink for efficient heat extraction. It is AR-coated on the front surface and HR-coated on the back surface for both the pump and the laser wavelength at 940 nm and 1030 nm, respectively. The radius of curvature of the mounted disk was R = 2.1 m. A standard 24-passes B1 pumping module (as available from the IFSW) was used to ensure a sufficient absorption of the pump radiation in the thin-disk crystal. The laser resonator was designed for a beam propagation factor of M 2 = 2 as given by the LG 01 mode. It comprises a plane output coupler (OC) with a transmission of 4%. A telescope composed of a 800 mm concave mirror and a 500 mm convex mirror is implemented to adapt the size of the ring mode on the disk. Additionally this leads to a collimated beam between the disk and the GWM and therefore minimizes the power density on the GWM. The GWM is used as the plane end-mirror of the resonator. The GWM is based on the leaky-mode coupling mechanism which allows sufficient reduction of the reflectivity of the polarization state to be suppressed in the resonator. More details about this kind of structures, including their modeling and fabrication, can be found in [17] [18] [19] . The measured spectral properties of the circular GWM are shown in Fig. 4 .
The noticeable reduction of the reflectivity for the TE polarized light (corresponding to azimuthal polarization with a circular grating) is adequately well centered at the laser wavelength of the Yb:YAG at λ = 1030 nm and leads to the effective suppression of the azimuthally polarized modes in the resonator. As the reflectivity for the TM polarized light is virtually unaffected by the presence of the grating this leads to the efficient generation of pure radially polarized modes. The absolute reflectivities for the TE and TM polarized probe beams were measured to be (94 ± 0.3)% and (99.7 ± 0.3)%, respectively, which corresponds to a reflectivity difference of ∆R T M−T E ≈ 5.7% at the central wavelength of the Yb:YAG thin-disk laser i.e. 1030 nm.
Before implementing different fiber components into the pump beam path, reference measurements were made with the commonly used flattop pumping distribution. The distances of the resonator arms L 1 , L 2 , L 3 and L 4 were set to be 155 mm, 140 mm, 315 mm and 300 mm, respectively. The pump spot diameter on the disk was 2.4 mm. A maximum output power of 116.7 W at a pump power of 279.4 W -which corresponds to an optical efficiency of η opt. = 41.7% -was achieved generating a radially polarized ring mode with a measured beam propagation factor of M 2 ≈ 2.3. The efficiency of the laser is lower than expected and can be essentially attributed to the additional intra-cavity losses introduced by the GWM since its reflectivity (99.5%) is lower than that of a standard HR (99.99%) mirror. Furthermore depolarization losses in the range of 0.1-0.3% per round-trip contribute to lowering of the laser performances. For the investigations of the laser performance with ring-shaped pumping and to be able to test different aspect ratios of the pumped area on the laser disk, four different hollow capillary geometries with a length of 300 mm were manufactured using our fiber drawing tower. As the (outer) diameter of the resulting pump spots on the disk slightly varied between 2.3 mm and 2.4 mm for the different capillaries, the resonator was adapted by changing the lengths L 1 and L 2 as appropriate to ensure maximum achievable optical efficiency and a pure LG 01 ring mode oscillation over the whole pump power range. Table 2 lists all tested fibers with the corresponding resonator lengths L 1 and L 2 , the mode diameter d LG 01 on the disk as well as the total resonator length L Tot. and the calculated overlap F. The coupling efficiency of the beam shaping fiber was measured to be in the range of 78% to 80%. For the following comparison of the laser performances achieved with flattop and ring-shaped pumping we always refer to the pump power P pump incident at the thin-disk module. In these experiments the applicable pump power was limited by the stability range of the resonator (in both flattop and ring pumping schemes) which was designed to support the LG 01 -mode with the desired large diameter of 2.3 to 2.4 mm. Figure 5 summarizes the output powers and the optical efficiencies of the lasers pumped with the different pumping distributions. In all experiments the M 2 value was measured to be around 2 at all power levels, which is consistent with generation of the radially polarized LG 01 mode. a. b.
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Capillary #1 P out = 90.7 W Fig. 6 . Far field intensity distribution of the output beam (a.) as generated by the laser pumped through capillary #4 and analysis of its polarization distribution as transmitted through a rotating linear polarizer (b.).
As can be seen the difference between the laser performances using the 4 different capillaries is comparably small but agrees well compared to the change of corresponding values of the calculated mode overlap given in tab. 2. Further investigations will require a more comprehensive simulation considering additional phenomenon such as laser saturation and will be subject of future studies. The intensity distributions of the output beam generated by the laser pumped through capillary #1 and capillary #4 are shown in Fig. 6(a) . Figure 6(b) shows the qualitative analysis of the polarization of the beams by recording their intensity distributions transmitted through a rotating polarizer which confirms the radial polarization of the LG 01 output beam.
The results discussed so far show that a radially polarized LG 01 mode can be generated by means of a ring-shaped pump beam distribution with at least the same efficiency as obtained by pumping with a flattop distributed pump beam profile. The most significant difference is evident from Fig. 7 which shows the fluorescence distribution emitted by the thin-disk laser crystal during laser operation in the LG 01 mode.
a.
b. In the left-hand picture ( Fig. 7(a) ) one clearly notes the excessive fluorescence caused by the non-saturated excitation in the center of the homogeneously pumped disk, which leads to strong heating of the crystal as discussed in the next section. As seen from Fig. 7 (b) this considerable heating source is avoided in the case of the ring-shaped pumping.
Temperature distribution across the thin-disk laser crystal
An IR thermo camera (IRBIS VarioCAM) was used to monitor the temperature distribution on the front surface of the thin-disk laser crystal. Due to its limited spatial resolution the thermo camera was placed at a distance of 150 mm from the crystal which allowed to resolve the pump spot diameter with about 30 pixels. A cross-section of the temperature profile over the radial position at a pump power of 225 W is shown in Fig. 8(a) . Furthermore, the measured increase of the temperature during laser operation with increasing pump power is summarized in Fig.  8(b) .
For a pump power of 225 W, a maximum temperature of 82.5 • C is measured in the center of the flattop pumped spot (pos. (a) in Fig. 8(b) ). Using the ring-shaped pumping distribution leads to a maximum temperature in the center of the pumping area of about 68.9 • C (pos. (b) in Fig. 8(b) ). This corresponds to a temperature difference of ∆T center = 13.6 • C.
At a higher pump power of 280 W the maximum temperature in the center of the flattop shaped pump spot reached 100.7 • C, which corresponds to a temperature increase of ∆T = 85.7 • C with respect to the starting temperature of the crystal at 15 • C as given by the cooling mount. With 280 W of power in the ring-shaped pumping distribution the maximum temperature in the center of the crystal was only 83.0 • C, which corresponds to a temperature increase of ∆T = 68 • C. This means that the temperature increase of the crystal is reduced by 21% when pumped with the appropriate ring-shaped distribution.
Conclusion
In summary, we have shown the potential of ring-shaped pumping distributions for the generation of LG 01 modes in high-power thin-disk laser. A beam with radial polarization with a maximum output power of 107 W and an optical efficiency of 41.2% was demonstrated using a GWM in the resonator and a glass capillary to shape the pump beam into a ring-shaped intensity distribution. To the best of our knowledge this is the first demonstration of a radially polarized thin-disk laser using ring-shaped pumping. The measured optical efficiency of the laser was shown to be comparable to that with a flattop pump beam. The main advantage of the ring-shaped pumping distribution was found to be the reduction of the temperature increase on the disk surface of about 21% (at 280 W of pump power). This should allow higher pump power densities without increasing the risk of damaging the disk or distorting the polarization purity.
